Although many studies have explored the neural correlates of visual attention and selection, few have examined the reliability with which neurons represent relevant information. We monitored activity in the frontal eye field (FEF) of monkeys trained to make a saccade to a target defined by the conjunction of color and shape or to a target defined by color differences. The difficulty of conjunction search was manipulated by varying the number of distractors, and the difficulty of feature search was manipulated by varying the similarity in color between target and distractors. The reliability of individual neurons in signaling the target location in correct trials was determined using a neuron-anti-neuron approach within a winner-take-all architecture. On average, approximately seven trials of the activity of single neurons were sufficient to match near-perfect behavioral performance in the easiest search, and ϳ14 trials were sufficient in the most difficult search. We also determined how many neurons recorded separately need to be evaluated within a trial to match behavioral performance. Results were quantitatively similar to those of the single neuron analysis. We also found that signal reliability in the FEF did not change with task demands, and overall, behavioral accuracy across the search tasks was approximated when only six trials or neurons were combined. Furthermore, whether combining trials or neurons, the increase in time of target discrimination corresponded to the increase in mean saccade latency across visual search difficulty levels. Finally, the variance of spike counts in the FEF increased as a function of the mean spike count, and the parameters of this relationship did not change with attentional selection.
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Neural correlates of visual selection and attention have been observed in nearly all visual and visual-association brain areas that have been examined (Bushnell et al., 1981; Moran and Desimone, 1985; Mountcastle et al., 1987; Motter, 1993; Zipser et al., 1996; Luck et al., 1997; Treue and Maunsell, 1999 ) (for review, see Desimone and Duncan, 1995; Maunsell, 1995) . In a majority of these studies, the average activity of a neuron during one behavioral state was compared with the average activity of the same neuron during another behavioral state. However, it is not clear from these results how reliably neurons signal changes in behavioral state. This is because analyses have usually been confined to average discharge rate in specific time intervals of interest and have not examined the variability in discharges of cortical neurons under identical conditions.
Most analyses of neural reliability have compared the variance of responses with their magnitude (Henry et al., 1973; Tolhurst et al., 1983; Britten et al., 1993; McAdams and Maunsell, 1999) , commonly finding that the variance of spike counts is proportional to the mean number of spikes produced by the neuron.
Only a few studies have looked at neural reliability from the perspective of how many trials or neurons it takes to reliably convey the pertinent information. One such early study by Tolhurst et al. (1983) found that psychophysical detection of sinusoidal gratings of varying contrast could be approximated by combining the signals of two to eight V1 neurons. More recently, found that a pool of at least 100 weakly correlated neurons in the middle temporal (MT) visual area simulated behavioral responses to visual motion.
In previous studies, we have shown that the frontal eye field (FEF) exhibits the characteristics of a salience map in which stimuli are represented as a function of their behavioral significance (for review, see Bichot, 2001 ; Thompson et al., 2001) . We have shown that activity in this map reflects visual selection based on conspicuousness (Schall et al., 1995; Thompson et al., 1997) , as well as selection based on knowledge and experience Bichot and Schall, 1999b; Thompson and Schall, 1999) . In this study, we examine the reliability with which the target location is signaled in the FEF in two conceptually different visual search tasks (Treisman and Gelade, 1980) : a conjunction visual search in which locating the target required a memory of the target features, and a feature search in which the target was the singleton stimulus. Furthermore, the difficulty (i.e., speed and accuracy) of conjunction search was manipulated by varying the number of distractors, whereas the difficulty of feature search was manipulated by varying the chromatic similarity between target and distractors. We compared neural activity when the target appeared in the response field with neural activity when distrac-tors appeared in the response field within a winner-take-all architecture (i.e., the simulation selected the stimulus that elicited the highest activation). The comparison was performed as a function of time beginning at stimulus presentation; this allowed us to relate the performance of the simulations to saccadic latencies across search difficulty levels, in addition to determining the number of trials from a single neuron and the number of neurons within a single trial that needed to be combined to achieve a rate of target selection similar to the behavioral performance of the monkeys. We also examined neural reliability in the FEF by examining the relationship between spike variance and spike count and evaluated whether this relationship changes with target selection.
MATERIALS AND METHODS
Subjects and physiolog ical procedures. Data were collected from one Macaca mulatta and one Macaca radiata, weighing 9 and 7 kg, respectively. The animals were cared for in accordance with the NIH Guide for the Care and Use of Laborator y Animals and the guidelines of the Vanderbilt Animal C are Committee. The surgical procedures for the subconjunctival implantation of a scleral search coil, for the attachment of a stainless steel post to the skull to restrain the head during testing, and for the craniotomy and the placement of a recording chamber over the F EF have been described previously (Schall et al., 1995; Thompson et al., 1996) . All surgical procedures were performed with the use of sterile techniques.
Conjunction search: stimuli, apparatus, and behavioral procedure. The experiments were under the control of two PC computers using software developed by Reflective Computing (St. L ouis, MO), which presented the stimuli, recorded action potentials, and eye movements sampled at 1 kHz and 250 Hz, respectively, and delivered the juice reward. Monkeys were seated in an enclosed chair within a magnetic field to monitor eye position with a scleral search coil. Stimuli were presented on a video monitor (70 Hz non-interlace, 800 ϫ 600 resolution) viewed binocularly at a distance of 57 cm in a dark room. The background was uniform dark gray, and the fixation spot was a white square. The stimuli were either red [Commission Internationale d'É clairage (CI E), x ϭ 621, y ϭ 345] or green (CI E, x ϭ 279, y ϭ 615) matched for luminance (2.3 cd /m 2 ) and could be either crosses or circles.
Each experimental session started with a block of ϳ150 detection trials that instructed monkeys what the target would be in conjunction search trials for that session. The target stimulus was a combination of one of two colors (red or green) with one of two shapes (cross or circle). Each detection trial began with the presentation of a central fixation point. After an interval of fixation (ϳ500 msec), the target stimulus for the session was presented, and monkeys were rewarded for making a single saccade to it.
The procedure for conjunction search trials was essentially the same as for the detection trials except that the target was presented among three or five distractors. In the four-stimulus configuration ( Fig. 1 A) , the target was presented along with a distractor that had the target color but not the target shape, another distractor that had the target shape but not the target color, and a distractor that had neither the target color nor the target shape. In the six-stimulus display (Fig. 1 B) , there was an additional distractor that shared the target color and an additional distractor that shared the target shape. With these choices, both displays were balanced for the number of stimuli containing any given color or shape. The stimuli, spaced evenly on the circumference of an imaginary circle around fixation, were placed such that one stimulus always fell in the center of the receptive field of the neuron. On average, monkeys ran ϳ600 conjunction search trials while recordings were made from each neuron.
Easy and difficult feature search: stimuli, apparatus, and behavioral procedure. Procedures for the feature search experiments were similar to those for the conjunction search experiments. The experiments were under the control of a PDP/11 computer. In the easy feature search condition (Fig. 1C) , a green target (CI E, x ϭ 283, y ϭ 612) was presented among seven red distractors (CI E, x ϭ 655, y ϭ 327). In the difficult feature search condition (Fig. 1 D) , the distractors were green / yellow (CI E, x ϭ 363, y ϭ 552). In both conditions, the target and distractors were filled squares spaced evenly on the circumference of an imaginary circle around fixation and were matched for luminance (11.1 cd /m 2 ). Easy and difficult feature search trials were randomly interleaved. On average, monkeys ran ϳ700 feature search trials while recordings were made from each neuron.
Neuron-by-neuron reliabilit y anal ysis. First, the spike density f unction for each correct trial was generated by convolving action potentials with a f unction that resembled a postsynaptic potential:
. Physiological data from excitatory synapses estimate the growth constant g at ϳ1 msec and the decay constant d at ϳ20 msec (Sayer et al., 1990) . For each neuron, we determined the number of trials that needed to be combined to match near-perfect performance as follows. Every 10 msec starting at the time of stimulus presentation, we calculated the activity of the neuron averaged over a 10 msec period (from 5 msec before to 5 msec after). Nonoverlapping intervals of 10 msec were used because they allowed for a sensitive estimate of the time course of neural modulation while reducing the noise in the data and the number of data points over which reliability calculations were performed. At each time point, we compared trials in which the target was in the response field of the neuron (i.e., target-activity trial) with trials in which a distractor was in its response field (distractor-activity trial). For every iteration, we randomly selected a target-activity trial and one distractor-activity trial for each of the different types of distractors. Thus, during conjunction search with four stimuli, we selected and compared one trial in response to the target, one in response to the distractor that shared the target color, one in response to the distractor that shared the target shape, and one in Figure 1 . Behavioral tasks. The monkey's task was to shift gaze to a target stimulus during conjunction search with four ( A) or six (B) stimuli, or a feature search with the target easy ( C) or difficult ( D) to discriminate from distractors. The discrimination in the difficult feature search was more difficult than depicted schematically in D. Dotted circles represent the monkey's current point of fixation; the arrow represents the saccade to the target. Stimuli are not drawn to scale.
response to the distractor that shared no target feature. During conjunction search with six stimuli, we applied the same procedure except that two additional trials were selected, one for each of the additional distractors in the search array that shared a target feature. In other words, for each iteration we selected one trial for each stimulus location in the array. During feature search, because all distractors were the same within a difficulty level, we randomly selected and compared one target-activity trial and seven distractor-activity trials. We then identified the trial with the maximum activity. If it was a target-activity trial, we added one to a "target behavioral choice" count; otherwise, we added one to a "distractor behavioral choice" count. This procedure was repeated for 1000 iterations with trials selected with replacement and independently on each iteration. We then calculated, adjusting for ties, the percentage of iterations in which a target behavioral choice was made. This measure represented the percentage of target choices derived from the activity of the neuron during one trial.
We repeated the same procedure combining the activity of 2-50 trials at each stimulus location. In other words, for each stimulus type and each iteration, we randomly selected with replacement a fixed number of trials in response to that particular stimulus, summed their activity, and found the stimulus that elicited the highest combined activation. The rest of the calculations were identical to the one-trial case described above. We then plotted the probability of target choice as a f unction of the number of combined trials for each stimulus, and fit the points using Matlab software (The MathWorks, Natick, M A) with an exponential f unction of the form
, where P(Target) is the percentage of target choice by the simulation (a number between 0 and 100%, inclusive), N is the number of combined trials, and ␣, ␤, ␥, and ␦ are the fitting parameters. This f unction was applied with no theoretical basis but only to quantif y the relationship. From the equation of the best-fit curve, we determined the number of trials needed to match behavioral performance as the number required to reach a target choice of 95%. Although we only considered correctly performed trials in the simulations, a fixed criterion of 95% was chosen to approximate the actual rate of target choice for several reasons. First, the ␣ parameter for the exponential fits was bound at 0 and 100% because the actual target choice percentage is bound by these values. Second, this allowed selection reliability to be measured as a f unction of the number of combined trials at enough time points to reliably characterize the time course of target selection as described below. Finally, as mentioned in Discussion, from the measurements performed one can extrapolate the number of trials that would be required to match perfect performance. We refer to the 95% criterion level as "near-perfect" performance.
Finally, we plotted the number of trials that needed to be combined to reach the criterion level as a f unction of time from stimulus presentation, and fit the points at which behavior could be matched by a finite number of trials with an exponential f unction of the form T crit ϭ ␣ ϩ ␤exp[␥(t Ϫ ␦)], where T crit is the number of combined trials needed to reach criterion, t is time from stimulus presentation, and ␣, ␤, ␥, and ␦ are the fitting parameters. This equation was used for quantification purposes only and does not make any claims about the nature and properties of the dynamics of the selection process. We used the ␣ parameter to describe the number of trials that needed to be combined when the activity of the neuron reached a steady state and the ␦ parameter to represent the time of beginning of target discrimination. This time is obviously related to but is technically different from the time of target discrimination of Thompson et al. (1996) .
Population reliabilit y anal ysis. This analysis was similar to that of the neuron-by-neuron reliability analysis described above except that instead of combining the activity from an increasing number of trials drawn from the activity of a single neuron, we combined the activity of an increasing number of neurons. For example, in the two-neuron case, for each iteration we randomly selected two neurons that each contributed one randomly selected trial to a pooled response for each of the stimulus types. We then compared the pooled responses to determine the stimulus that elicited the highest pooled response. Again, we repeated this procedure for 1000 iterations for each number of pooled neurons, and neurons were selected independently across iterations. This analysis was performed with or without redundant sampling. With redundant sampling, we selected neurons entirely randomly, and a neuron could be selected more than once. Thus, when the simulation combined the activity of N neurons on a given iteration, the N neurons were not necessarily all different from one another. Without redundant sampling, the simulation selected neurons pseudorandomly such that a single neuron could be sampled only once.
Relationship between spik e variance and spik e count. Analyses were conducted in two predetermined time intervals, the first intended to capture activity before neurons discriminated the target from distractors (0 -100 msec after stimulus presentation), and the second intended to capture activity while the neurons discriminated the target from distractors (100 -0 msec before saccade initiation). These intervals were chosen based on our measurements of the time course of target selection in the F EF in this study, as well as previous findings (Schall et al., 1995; Thompson et al., 1996) . During each 100 msec interval, we determined for each neuron and for each visual search condition the mean number of spikes generated across trials and the variance associated with this mean spike count. Analyses were conducted separately for the target in the response field of a neuron and distractors in the response field of a neuron to determine whether target selection affected the relationship between spike variance and spike count. Response variance f unctions were obtained by fitting the logarithm of the spike variance against the logarithm of the mean spike count with a simple linear regression. When plotted on logarithmic axes, the best-fit straight line is represented by a power f unction of the form Variance ϭ c (Count) p , where p is the power (or slope) and c is the coefficient (or intercept). In each interval, the simple linear regressions when the target was in the response field and when the distractors were in the response field were compared using a procedure outlined in Z ar (1999) . When the fit parameters did not differ significantly, we derived an overall response variance f unction by computing a common slope and a common intercept.
RESULTS

Conjunction search
Overall, monkeys performed conjunction search more efficiently when the target was presented among three distractors than when the target was presented among five distractors. The difference in search difficulty was reflected in both the monkeys' error rates (four-stimulus: 7.5 Ϯ 1.1% mean Ϯ SEM; six-stimulus: 12.8 Ϯ 1.5%; t 44 ϭ 8.2; p Ͻ 0.001) and saccade latencies during correct trials (four-stimulus: 216.7 Ϯ 2.7 msec; six-stimulus: 230.2 Ϯ 2.9 msec; t 44 ϭ 8.4, p Ͻ 0.001) [also see Bichot and Schall (1999a) ].
Reliability across trials
We recorded from a total of 62 neurons during conjunction search, of which 45 showed significant task-related modulation and provided sufficient data for the analyses presented in this paper. All of these neurons were recorded during separate sessions.
Most single-neuron studies of visual selection and attention have compared the average activity of a neuron across trials during one behavioral state with the average activity of the same neuron across trials during another behavioral state. Thus, we first examined neural reliability in the FEF from this perspective, with the underlying assumption that there are many neurons that would respond on any particular trial in a way that is represented by the ensemble of responses recorded for a given neuron over many trials. The computations of the reliability of signaling the target location for one FEF neuron during conjunction search with both four and six stimuli are shown in Figure 2 . This neuron responded to the presentation of the search array with a visual response latency of ϳ75 msec, and the initial response did not discriminate target from distractors in the response field during search with either set size (Fig. 2 A) . However, over time, the activity evolved to discriminate the target from distractors as evidenced by an attenuation of the activity evoked by distractors relative to the activity evoked by the target in the response field. Note also that the discrimination during search with four stimuli started earlier and reached a larger difference between target and distractor activation.
In Figure 2 , we plot the average activation related to the three different distractor types (i.e., same color, same shape, or oppo-site the target) for illustration purposes. However, the reliability calculations considered activity related to each of the three distractor types separately. This is critical during conjunction search because activity related to each distractor type was not the same but depended on the similarity of a particular distractor to the target and whether the distractor was the target during the previous recording session (Bichot and Schall, 1999b) . Thus, comparisons of activations for the target and each distractor separately are not equivalent to a comparison between activation for the target and the average activation for all distractors combined. For example, consider a case in which the target is presented among two distractors, one nearly identical to the target and the other very different from the target. Suppose that the activation related to the similar distractor is nearly identical to the activation related to the target, whereas the activation related to the other distractor is much less than for either the target or the similar distractor. While a three-way comparison between the activation for each stimulus by our simulations would lead to selection of the target and the similar distractor on almost every iteration and with nearly equal probability (i.e., target selection rate would be near chance as expected behaviorally), comparing target activation with average distractor activation would erroneously lead to Figure 2 . Reliability of target selection by an FEF neuron during conjunction search. A, Spike density function of the neuron when the target (thick lines) or distractors (thin lines) of the search array fell in its receptive field during conjunction search with four (solid lines) or six (dashed lines) stimuli. Spike density functions were aligned on stimulus presentation at time 0 and are plotted up to the mean saccade latency during each search condition. Only spikes that occurred before saccade initiation were used in the calculations. B-E, Probability of target choice as a function of number of trials combined by the simulation at the four different time points shown between A and B. Filled circles represent simulations for search with four stimuli, and open circles represent simulations for search with six stimuli. The number of trials needed to reach a fixed criterion level (i.e., 95% indicated by dotted line) was determined by fitting exponential functions to the data points. F, The number of trials required to reach the criterion level is shown as a function of time from stimulus presentation for search with four (F) and six (E) stimuli. The best-fit exponential curves are shown overlaid on the data points. The absence of data points signifies that the number of combined trials needed to result in a target choice probability that matched the criterion level was indeterminate (e.g., both curves in B and the curve for search with six stimuli in C). much higher rates of target selection. Moreover, evaluating each display stimulus separately is clearly more plausible because information about which stimulus locations contain distractors is not available to the brain until the selection process is completed.
The reliability calculations at four different time points are shown in Figure 2 B-E. At 90 msec after search array presentation, the neuron has started responding to the stimuli but its activity is about the same for either the target or distractors in its response field during search with either set size. Accordingly, the simulation shows that the probability of selecting the target does not increase dramatically as a function of the number of summed and compared trials related to each display stimulus, and never reaches the near-perfect criterion level of 95% (Fig. 2 B) . This lack of ability to discriminate at the criterion level is reflected in Figure 2 F by the absence of data points for either set size (i.e., no number of combined trials was sufficient to reach criterion). Later in the trial, 120 msec after stimulus presentation, the activity of the neuron is greater for the target than for distractors in its response field for the four-element display but not the six-element display. The neural selectivity at this time during presentation of the four-element display results in a considerable increase of the probability of target choice as more trials are combined by the simulation (Fig. 2C) . The criterion level of target choice probability was reached when ϳ14 trials were combined for each element in the four-element search array as shown in Figure 2 F. In contrast, at this time after presentation of the six-element array, the increase of target choice probability with increasing number of combined trials remained small and never reached the criterion level. After another 10 msec, the activity of the neuron discriminated the target even better in the four-element display, and it also started discriminating the target from distractors in the six-element display. The increase in selectivity during presentation of the four-element display is reflected in the sharper increase of the target choice probability function (Fig. 2 D) , which reached criterion with approximately five combined trials per display stimulus (Fig. 2 F) . The emergence of selectivity during presentation of the six-element display is reflected in the more substantial increase of the target choice probability function, which reached criterion with ϳ35 combined trials per display stimulus. Finally, 160 msec after stimulus presentation, the neuron signaled very reliably the target of both size arrays, as shown by the rapidly increasing target choice probability functions in Figure 2 E. The criterion level was reached with slightly more than one trial for the four-element display and slightly more than three trials for the six-element display (Fig. 2 F) .
The number of combined trials necessary to reach the criterion level is plotted in Figure 2 F as a function of time from the presentation of the search array; the data points were fit with an exponential function (see Materials and Methods). These plots show that the time at which target discrimination first occurs at criterion level is earlier for search with four stimuli than for search with six stimuli (120 and 130 msec, respectively). This time, henceforth referred to as the time of target discrimination, was estimated at 111 msec for search with four stimuli and 127 msec for search with six stimuli from the equations of the exponential functions. The mean saccade latencies in these two conditions during recordings from this neuron were of 177 and 190 msec, respectively. Furthermore, during search with either set size, the reliability of the neuron improved as time progressed until it reached an asymptote. This level was estimated at 1.4 trials to reach criterion during search with four stimuli and 3.0 trials during search with six stimuli.
The measurements of reliability and time of target discrimination for the 45 neurons analyzed during conjunction search are summarized in Figure 3 . The average number of trials that needed to be combined to reach the criterion level when the reliability of selection reached an asymptote was significantly less during the four-item search than during the six-item search (8.1 Ϯ 0.8 vs 10.2 Ϯ 0.9 trials; t 44 ϭ 2.7; p Ͻ 0.01) (Fig. 3A) . However, the correlation between the difference in trials to criterion and the difference in error rates across these two conditions was not significant (correlation coefficient r ϭ 0.08; p Ͼ 0.05).
The average time of target discrimination determined from the exponential fit function was significantly earlier during search with four stimuli than during search with six stimuli (140.7 Ϯ 3.6 vs 153.2 Ϯ 3.2 msec; t 44 ϭ 5.5; p Ͻ 0.001) (Fig. 3B) . The difference in the time of target discrimination (12.5 msec) accounted for the difference in mean saccade latencies in these two conditions (13.5 msec) (t 44 ϭ 0.4; p Ͼ 0.1), and the correlation between the difference in discrimination time and the difference in mean saccade latency across neurons was marginally significant (correlation coefficient r ϭ 0.30; p Ͻ 0.05). We also compared the time of target discrimination estimated from the exponential fits with the time of target discrimination measured as the first time point Figure 3 . Summary of neuron-by neuron analysis during conjunction search. A, Distribution of the number of trials needed to reach the near-perfect performance criterion (95% target choice) when the quality of neural selection reached an asymptote. B, Distribution of the time at which neurons began to discriminate the target from distractors at the near-perfect criterion level. In both plots, gray bars represent data from conjunction search with four stimuli, and black bars represent data from conjunction search with six stimuli. The arrowheads under the abscissa mark the average of each distribution.
at which discrimination occurred at criterion level (e.g., 120 and 130 msec for the neuron in Fig. 2 during search with four and six stimuli, respectively). The mean time of target discrimination was not significantly different when measured with either method during search with four stimuli (140.7 vs 142.7 msec; Wilcoxon signed ranks test: z ϭ 1.6; p Ͼ 0.05) and search with six stimuli (153.2 vs 154.0 msec; z ϭ 1.3; p Ͼ 0.05). However, the estimates of the time of target discrimination based on the exponential fits have the advantage of being continuous and more precise than the discrete (10 msec precision) estimates obtained with the alternative method. For this reason, we opted to use estimates of target discrimination time based on the exponential fit.
Reliability across neurons
The neuron-by-neuron analysis described above has clearly been useful in describing the relationship between behavior and neural activity. However, it is only a convenient approximation of the actual processing by the brain whereby the activity of multiple neurons over a single trial must be combined to make decisions. We evaluated whether the single-neuron-multiple-trial approach and the multiple-neuron-single-trial approach are computationally equivalent. Thus, we also measured neural reliability in the FEF during conjunction search by combining and comparing the activity of different neurons (Fig. 4) . The results of the analysis in which a particular neuron could be selected more than once in a given iteration (i.e., with redundancy) are shown in Figure 4 A. The superimposed curves of target choice probability as a function of the number of combined neurons derived at each 10 msec interval after stimulus presentation are shown for conjunction search with four stimuli in Figure 4 A1 and for conjunction search with six stimuli in Figure 4 A2. Early in the trials when neural activity across the population was approximately the same whether the target or a distractor fell in the response field of the neurons, the target choice probability functions were nearly flat and ϳ25% for search with four stimuli and ϳ17% for search with six stimuli. These values correspond to the chance probability of choosing randomly one stimulus of four and one stimulus of six, respectively. As time progressed and target selection took place, the curves reached an asymptote sooner and at a higher level. Note that when the target was fully selected, the curves easily reached 100% target choice percentage.
The evolution of the reliability of the neural selection signals in the FEF during conjunction search is shown in Figure 4 A3. At each time point, we determined the number of neurons that were needed to contribute activity for target choice probability to reach the criterion level of 95%. Early in the trials, the criterion level could not be reached during either search condition with any number of combined neurons. The beginning of target discrimination at criterion level was estimated at 132.4 msec for search with four stimuli and 143.9 msec for search with six stimuli. After a transition period that lasted ϳ30 -40 msec in both conditions, neural reliability reached an asymptote at a level that was estimated at 7.8 neurons for search with four stimuli and 10.3 neurons for search with six stimuli.
The results of the analysis without redundancy in which a particular neuron could only be selected once in a given iteration are shown in Figure 4 B. Results were similar to those of the previous analysis, with an estimated time of target discrimination of 131.3 msec for search with four stimuli and 143.0 msec for search with six stimuli. The asymptotic neural reliability was estimated at 8.2 neurons for search with four stimuli and 10.4 neurons for search with six stimuli.
Feature search
Overall, monkeys performed feature search more efficiently when the target and distractors were of very different colors (i.e., green vs red) than when the target and distractors were of similar colors (i.e., green vs green/yellow). The difference in search difficulty Figure 4 . Population analysis of selection reliability in the FEF during conjunction search. A3, The number of neurons required to reach the near-perfect performance criterion (95% target choice) is plotted as a function of time from stimulus presentation during search with four stimuli (F) and search with six stimuli (E). These values were derived from the curves of target choice probability as a function of the number of neurons the activity of which was combined by the simulation shown in the top inset for search with four stimuli (A1) and in the bottom inset for search with six stimuli (A2). These insets plot target choice probability as a function of the number of neurons contributing activity. The plots for successive times are superimposed, and these families of curves show the progression of selection reliability as in Figure 2 B-E. In these simulations, neurons were selected with redundancy, entirely randomly on each iteration, resulting in the possibility that a given neuron was selected more than once (see Materials and Methods). B, Same as A except that neurons were chosen without redundancy and pseudorandomly on each iteration so that each neuron was not selected more than once.
was reflected in both the monkeys' error rates (easy: 6.1 Ϯ 0.8%; difficult: 29.8 Ϯ 0.9%; t 49 ϭ 25.5; p Ͻ 0.001) and saccade latencies during correct trials (easy: 200.1 Ϯ 2.9 msec; difficult: 246.4 Ϯ 4.8 msec; t 49 ϭ 17.7; p Ͻ 0.001).
Reliability across trials
We recorded from a total of 80 neurons during feature search, of which 50 showed significant task-related modulation and provided sufficient data for the analyses presented in this paper. Twelve neurons were recorded in separate sessions, two neurons were recorded simultaneously in 10 sessions, three neurons were recorded simultaneously in 2 sessions, and four neurons were recorded simultaneously in 3 sessions. None of these neurons was also recorded during conjunction search.
The computations of target location signaling reliability for one FEF neuron during feature search in both the easy and difficult conditions are shown in Figure 5 . This neuron responded to the presentation of the search array with a latency of ϳ50 msec, and the initial response did not discriminate target from distractors in the response field during search of either difficulty level (Fig. 5A) . However, over time, the activity evolved to discriminate the target from distractors as evidenced by an attenuation of the activity related to distractors relative to the activity related to the target in the response field. Note also that the discrimination during easy search appears to start earlier and reach a greater magnitude than it does during difficult search.
The reliability calculations at four different time points (i.e., 60, 100, 120, and 180 msec) are shown in Figure 5B -E. The results of these computations are similar to those described for the neuron in Figure 2 . During easy search, target choice probability did not reach the criterion level during the initial response (Fig. 5B) but did so as time progressed (Fig. 5C-E) . During difficult search, the neural discrimination process took longer with the target choice probability function not reaching the criterion level for the first two time points (Fig. 5 B, C) , and when it did for later time points, it reached the criterion level with more combined trials than during easy search (Fig. 5 D, E) . The plot of the number of trials needed to reach the criterion level as a function of time after the presentation of the search array (Fig. 5F ) shows that the time of target discrimination occurred earlier for easy search (estimated at 105 msec) than for difficult search (estimated at 124 msec). The mean saccade latencies in these two conditions during recordings from this neuron were 182 and 214 msec, respectively. Furthermore, during both easy and difficult search, the reliability of the neuron improved as time progressed until it reached an asymptote. This level was estimated at 1.8 trials to reach criterion during easy search and at 3.8 trials to reach criterion during difficult search.
The measurements of reliability and time of target discrimination for the 50 neurons analyzed during feature search are summarized in Figure 6 . The average number of trials that needed to be combined to reach criterion level when neurons reached a steady state was significantly less during easy search than during difficult search (7.3 Ϯ 0.8 vs 14.1 Ϯ 1.4 trials; t 49 ϭ 6.7; p Ͻ 0.001) (Fig. 6 A) . However, the correlation between the difference in the number of trials to criterion and the difference in error rates across these two conditions was not significant (correlation coefficient r ϭ 0.18; p Ͼ 0.05).
The average time of target discrimination determined from the exponential fit function was significantly earlier during easy search than during difficult search (132.2 Ϯ 2.3 vs 173.7 Ϯ 3.8 msec; t 49 ϭ 15.1; p Ͻ 0.001) (Fig. 6 B) . The difference in the time of target discrimination (41.5 msec) accounted for the difference in saccade latencies in these two conditions (46.3 msec; t 49 ϭ 1.6; p Ͼ 0.1), and the correlation between the difference in discrimination time and the difference in mean saccade latency across neurons was significant (correlation coefficient r ϭ 0.39; p Ͻ 0.01). We also compared the time of target discrimination estimated from the exponential fits with the time of target discrimination measured as the first time point at which discrimination occurred at criterion level (e.g., 100 and 120 msec for the neuron in Fig. 5 during easy and difficult search, respectively). The mean time of target discrimination was not significantly different when measured with either method during difficult search (173.7 vs 169.6 msec; Wilcoxon signed ranks test: z ϭ 1.8; p Ͼ 0.05) but was slightly different during easy search (132.2 vs 135.8 msec; z ϭ 2.7; p Ͻ 0.01).
Reliability across neurons
We also measured neural reliability in the FEF during feature search by combining and comparing the activity of different neurons (Fig. 7) . The results of the analysis in which a particular neuron could be selected more than once in a given iteration (with redundancy) are shown in Figure 7A . The superimposed curves of target choice probability as a function of the number of neurons contributing to the selection at each 10 msec time point after stimulus presentation are shown for easy search in Figure  7A1 , and for difficult search they are shown in Figure 7A2 . Early in the trials when neural activity across the population was approximately the same whether the target or a distractor fell in the response field of the neurons, the target choice probability functions were nearly flat and ϳ12.5% for either search condition. This value corresponds to the chance probability of choosing randomly one stimulus of eight. As time progressed and target selection took place, the curves reached an asymptote sooner and at a higher level. Note that when the target was fully selected, the curves easily reached 100% target choice.
The evolution of the reliability of the neural selection signals in the FEF during feature search is shown in Figure 7A3 . At each time point, we determined the number of neurons that needed to be combined for target choice probability to reach the criterion level of 95%. The beginning of target discrimination at criterion level was estimated at 121.3 msec for easy search and 165.9 msec for difficult search. After a transition period that lasted ϳ30 msec during easy search and ϳ40 msec during difficult search, neural reliability reached an asymptote at 7.1 neurons for easy search and 13.1 neurons for difficult search.
The results of the analysis in which a particular neuron could only be selected once in a given iteration (i.e., without redundancy) are shown in Figure 7B . The results were similar to those of the previous analysis, with an estimated time of target discrimination of 119.5 msec for easy search and 167.1 msec for difficult search. The asymptotic neural reliability was estimated at 7.7 neurons for easy search and 14.1 neurons for difficult search.
Summary of results across search difficulty levels
On the basis of both speed and accuracy, monkeys performed best during easy feature search, followed by conjunction search with four stimuli and conjunction search with six stimuli, and per- formed worst during difficult feature search. Figure 8 shows the relation between quantities derived from our simulations (plotted on the ordinates) and behavioral measurements (plotted on the abscissas) across all four search conditions and analysis procedures.
Average measures of neural reliability determined from the neuron-by-neuron analysis (i.e., trials to criterion) and the population analysis (i.e., neurons to criterion) for each search condition are plotted as a function of the frequency of errors in that search condition in Figure 8 A. Clearly, more trials or neurons needed to be evaluated to reach the criterion level of 95% target choice probability as search difficulty increased. Our measures of reliability correlated well with the behavioral performance across search difficulty levels (r ϭ 0.98; p Ͻ 0.001). On the basis of the slope of the principal axis of the regression ellipse, approximately one more trial or neuron had to be evaluated to compensate for a 4% increase in error rates across the range of search difficulty levels. Furthermore, across the four search tasks, the average number of trials of an individual neuron that needed to be pooled to reach the criterion (neuron-by-neuron analysis) was not significantly different from the average number of neurons that needed to be pooled within a trial to reach the criterion (population analysis) (t 3 ϭ 0.6; p Ͼ 0.05).
The time of target discrimination estimated by our calculations correlated well with the changes in mean saccade latency across search difficulty levels explored in this study (r ϭ 0.94; p Ͻ 0.001) (Fig. 8 B) . The slope of the principal axis of the correlation showed that the time of target discrimination across search conditions increased by nearly the same amount of time as did saccade latencies (the slope of 0.99 was not significantly different from unity based on the 95% confidence interval). On average, the target was discriminated according to the measure used 78 msec before the mean saccade latency. Across the four search tasks, the time of target discrimination estimated on a neuronby-neuron basis was ϳ9.5 msec later than the time estimated from the population analysis (t 3 ϭ 9.7; p Ͻ 0.01). This difference may be attributable to increased variability in measurements conducted at the level of individual neurons and is not inconsistent with the precision of our analysis of neural reliability, which was conducted every 10 msec.
The summary of reliability calculations as a function of search accuracy in Figure 8 A may be taken to suggest that target selection reliability in the FEF improves as search becomes easier. However, as can be seen from Figures 2 and 5, the difference between the neural representation of the target and that of a distractor increases as search difficulty decreases. In other words, the activity related to the target and the activity related to distractors became more distinct with less overlap as the search became easier. To determine whether this observation held true across the population, we measured average neural activity in a 50 msec time interval that extended until the average time of saccade initiation for each search condition and covered the time during which neural selection across the population was in an approximately steady state (Figs. 4, 7) . As expected, the average difference between target and distractor neural activity was 45.1 and 41.9 spikes/sec during conjunction search with four and six elements, respectively, and was 33.1 and 25.3 spikes/sec during easy and difficult search, respectively. Thus, the increase in the number of combined trials or neurons is likely the result of the decreased discrimination ability of the neurons as search becomes more difficult. Similar decreases in neural sensitivity with increased discrimination difficulty have also been observed in area MT and the lateral intraparietal (LIP) area (Kim and Shadlen, 1999 ) using tasks requiring discrimination of motion in random-dot displays containing varying percentages of coherently moving dots. In other words, more trials or neurons would need to be evaluated to reach a fixed criterion with less discrimination ability.
To test this hypothesis, we repeated the reliability computations, but this time we calculated the number of trials or neurons required to reach the overall behavioral accuracy actually achieved in a particular search condition instead of the fixed 95% Figure 7 . Population analysis of selection reliability in the FEF during feature search. A3, The number of neurons required to reach the nearperfect performance criterion (95% target choice) is plotted as a function of time from stimulus presentation during easy search (F) and difficult search (E). These values were derived from the curves of target choice probability as a function of the number of neurons the activity of which was combined by the simulation shown in the top inset for easy search (A1) and in the bottom inset for difficult search (A2). In these simulations, neurons were selected entirely randomly on each iteration, resulting in the possibility that a given neuron was selected more than once (see Materials and Methods). B, Same as A except that neurons were chosen pseudorandomly on each iteration so that each neuron was not selected more than once.
level. The result of this analysis is shown in Figure 9 . As predicted, the number of trials or neurons required to match the overall behavioral accuracy did not increase as a function of search difficulty (F (1,6) ϭ 5.1; p Ͼ 0.05). Instead, an average of six combined trials or neurons accounted for performance changes across the range of search difficulty levels that we investigated. In other words, with a neural network of fixed size, changes in neural modulation afforded by the visual stimulus and not neural reliability per se account for changes in performance.
Relationship between spike variance and spike count
Another perspective on the reliability of FEF neurons is provided by the relationship between the variance of spike counts and mean spike count. The foregoing analysis was aimed at evaluating the hypothesis that the variability of discharges in the FEF is uniform across time through the selection process. For this analysis we combined the data from the 95 neurons recorded across both conjunction search and feature search and the two levels of difficulty within each task. However, two neurons were excluded because they did not fire any spikes during one of the intervals of analysis.
We analyzed the relationship between the variance and the mean of spike counts in two intervals. The first interval, which spanned 100 msec from the presentation of the search array, was designed to capture activity in the FEF before neurons discriminated target from distractors (Fig. 10 A) . The average activation evoked by the target was only slightly greater than the average activation evoked by distractors (target: 23.4 spikes/sec; distractors: 22.2 spikes/sec; t 185 ϭ 4.3; p Ͻ 0.001). This small but significant difference happened because a few neurons began discriminating the target from distractors within 100 msec of the presentation of the search array (Figs. 3, 6) . The relationship between spike variance and spike count was not significantly different when measured for trials during which the target was in the response field of the neurons compared with when measured for trials during which distractors were in the response field of the neurons (slope comparison: t 368 ϭ 0.7; p Ͼ 0.05; coefficient/ intercept comparison: t 369 ϭ 0.2; p Ͼ 0.05). The common power function ( Fig. 10 A) had a slope of 0.80 and a coefficient of 1.00.
The second interval of the analysis was designed to capture activity in the FEF while neurons discriminated the target from distractors and extended from 100 to 0 msec before saccade initiation (Fig. 10 B) . Accordingly, the average activation related to the target was more than twice the average activation related to distractors (target: 70.0 spikes/sec; distractors: 32.7 spikes/sec; t 185 ϭ 22.8; p Ͻ 0.001). Despite such a strong attentional modulation, the relationship between spike variance and spike count was still not significantly affected by whether the stimulus in the response field of the neurons was the target or distractors (slope comparison: t 368 ϭ 0.5; p Ͼ 0.05; coefficient/intercept comparison: t 369 ϭ 1.9; p Ͼ 0.05). The common power function (Fig. 10 B) had a slope of 1.09 and a coefficient of 1.00. Note that the slope measured during this interval appears to be steeper than the slope measured during the previous interval. However, a meaningful comparison of these two slopes is precluded by the fact that variability in saccadic latencies would have unavoidably increased Figure 8 . Summary of neural reliability and time course of target discrimination across visual search difficulty levels. A, The number of trials (Ⅺ) and the number of neurons (‚) that needed to be combined to reach the near-perfect performance criterion (95% target choice) when neural selection reached a steady state is plotted against response error rates during each visual search task (i.e., conjunction search and feature search) and each level of difficulty within that task. B, The times of target discrimination derived from the neuron-by-neuron analysis (Ⅺ) and from the population analysis (‚) are plotted against mean saccade latencies during each visual search task and level of difficulty within that task. The equation of the principal axis of the regression ellipse is shown in each plot. The results of the population analysis with and without redundancy were combined. Figure 9 . This plot shows the number of trials (Ⅺ) and neurons (‚) that needed to be combined to match the actual percentage of correctly performed trials in each task across levels of difficulty. The dotted line indicates the average across these points.
the measured variance of spike counts during the interval preceding saccade initiation.
Although simple least-squares linear regressions such as those computed above have been used commonly to assess the relationship between spike variance and mean spike count, such an analysis is biased because of the assumption that all the variability in the least-square error is caused by variation on the ordinate, which in this case plots the variance of spike counts. Because for data like these there is undoubtedly also variation in the abscissa (i.e., mean spike counts), we used an alternative regression analysis aimed at avoiding this bias. We computed the regression of the ratio of spike variance to mean spike count against mean spike count. The slopes and intercepts were still not significantly different during either analysis interval whether the target or distractors were in the response field of the neurons. The average ratio of spike variance to mean spike count in the FEF was 1.15 (SEM ϭ 0.02).
DISCUSSION
We analyzed the reliability of FEF neurons signaling targets for saccades during two visual search tasks, a conjunction search that relies more on top-down selection and a feature search that relies more on bottom-up selection. The difficulty of the search for the target was manipulated by varying the number of distractors for conjunction search and the similarity between the target and distractors for feature search. This enabled us to examine neural signal reliability in the FEF over a wide range of search difficulty that was reflected in both the speed and accuracy of monkeys selecting the target. Several findings were made. First, using a model that selected the stimulus location with the highest activation based on a neuron-anti-neuron comparison, we found that as search difficulty increased, activity over more trials or neurons needed to be combined at each stimulus location to reach a near-perfect (95%) level of target selection. The number of trials or neurons that needed to be combined ranged from ϳ7 (during the easy feature search) to ϳ14 (during the difficult feature search). Second, when the target selection criterion was adjusted to reflect the accuracy actually achieved during each search condition, combining the activity of only about six trials or neurons at each stimulus location approximated performance accuracy across the entire range of search difficulty examined. Third, changes in reaction time across search conditions were entirely accounted for by changes in the time at which neurons started to discriminate the target from distractors. Fourth, the relationship between the variance of spikes and mean spike count in the FEF is similar to that observed in other visual areas and does not change with attentional selection, similar to what has recently been observed in area V4 (McAdams and Maunsell, 1999) .
Neural reliability: relationship to previous studies, sources of error, and theoretical considerations
In our computations of neural reliability, we implemented a simple, winner-take-all architecture that compared the activity of pooled trials of one neuron or the activity of pooled neurons. The simulation simply selected the stimulus location that was associated with the highest activation, an approach consistent with our hypothesis that the FEF represents a salience map in which stimulus locations are tagged for behavioral relevance (Bichot, 2001; Thompson et al., 2001) . Our findings show that pools of 7-14 neurons at each stimulus location were sufficient to signal the target location with near-perfect accuracy. An inspection of Figures 5 and 8 shows that even if the simulations were to match neural performance to perfect accuracy (i.e., 100% target choice probability), pools of ϳ25 neurons per stimulus location in the most difficult search (i.e., difficult feature search) would be sufficient. Finally, when the simulation matched neural performance to overall accuracy in each search condition, we found that comparing the activity of pools of six neurons at each stimulus location approximated search performance over the entire range of search difficulty that we investigated.
The pool sizes obtained in our study are consistent with the findings of several studies of neural information coding conducted in various cortical areas, including area V1, areas of the inferior temporal cortex, areas of the parietal cortex, and the primary motor cortex, reporting neural pool sizes ranging from ϳ5 to ϳ40 neurons (Tolhurst et al., 1983; Optican and Richmond, 1987; Gawne and Richmond, 1993; Rolls et al., 1997; Lee et al., 1998; Prince et al., 2000) [also see , their Appendix 4]. In contrast, the pool sizes that we determined are one or two orders of magnitude smaller than those determined by in their analysis of the relationship between neural and behavioral responses to visual motion. Several factors may contribute to this difference. First, they used a task that required monkeys to report a property-the direction of motion-of one stimulus; our task required monkeys to locate the target among multiple competing stimuli. Second, they recorded from neurons in extrastriate visual cortex selective for the properties of the stimulus; we recorded from neurons in frontal cortex that encode the relevance rather than the properties of stimuli. Third, they included neurons with optimal directions of motion different from the one being discriminated; in contrast, all of the FEF neurons in our sample contributed information about the location of the target and distractors. Finally, their model included correlation among neurons. This was done because of the small but significant relation between the variance of single neurons and the choices monkeys made coupled with the finding that area MT neurons exhibit a modest correlation in discharge rates across trials (Zohary et al., 1994) . This lack of statistical independence between neurons prevents averaging out noise completely.
The impact of a degree of statistical dependence between neurons on our analysis would be to reduce the rate of growth of the proportion of target choices as a function of number of trials or neurons pooled (Fig. 2 B-E) , thereby requiring more trials or neurons to reach criterion. The magnitude of this effect is proportional to the correlation coefficient. We have measured the degree of correlation between pairs of FEF neurons with overlapping response fields that were recorded simultaneously (predominantly on the same electrode) during feature search and found an average correlation value of 0.09 (SEM ϭ 0.03). The correlation in the FEF appears to be smaller than that observed in MT (ϳ 0.19) (Zohary et al., 1994) or in other areas (Lee et al., 1998) . Thus, although our treatment of neurons as statistically independent in our simulations must have led to some underestimation of the neuronal pool size necessary for locating the target of a search array, the underestimation is only modest. Further work is needed to determine how much the weak correlation between FEF neurons affects target selection efficacy.
Finally, a recent series of studies by Hampson, Deadwyler, and colleagues (for review, see Deadwyler, 1996, 1999) suggest that the content of information encoded by ensembles of neurons recorded simultaneously is greater than that encoded by ensembles of neurons reconstructed from single neuron recordings at different times. They attributed this difference to the "multiplexed" nature of task information encoded by the neurons. It is not clear from our data that such improvement of information encoding occurs with simultaneous recordings. First, we did not find a significant difference in the reliability of selection signals when we combined trials of a single neuron compared with when we combined trials from different neurons. Second, our population analysis results were not affected by whether a neuron contributed more than once to simulations within an iteration or whether all neurons selected in a given iteration were different from one another. Third, although all neurons were recorded in separate sessions during conjunction search, on average two neurons were recorded simultaneously during feature search, yet there is no obvious improvement of neural reliability for the feature search data compared with the conjunction search data. However, our study was not designed to address the possibility that spike correlations of simultaneously recorded neurons encode information beyond that derived from simple average firing rates. Such an analysis requires larger ensembles of simultaneously recorded neurons than our sample included, so we can make no strong claims about the potential advantage of information encoded in ways other than average firing rate.
Time course of target discrimination
The analyses that we have conducted show that small pools of neurons predicted not only the accuracy of responses but also the speed of responses. To our knowledge, our study is the first to examine the temporal dynamics of the reliability of neural decision signals. As discussed, the temporal dynamics of the selection process revealed important characteristics of the selection process (for review, see Schall and Bichot, 1998; Schall and Thompson, 1999 ) and provided us with an additional independent dimension over which we evaluated the performance of our model.
We previously investigated the time course of target selection in the FEF during a pop-out visual search using an analysis adapted from signal detection theory . In that study, it was concluded that the time at which FEF neurons discriminate the target does not predict the time of saccade initiation. This conclusion was based on the fact that when trials during a recording session were divided into groups of short, medium, and long saccade latencies, the time of target discrimination calculated for each group of trials did not reflect that group's range of saccade latencies. Thus, a more accurate description of the results of our earlier study is that the time of target discrimination in the FEF does not predict the variability of saccadic reaction times for a given search condition. These results do not address the issue of whether the time of target discrimination in the FEF predicts the mean saccade latency of a given search condition. Thus, the results of our previous study are not at odds with the present finding that the time of target discrimination in the FEF accounts for changes in overall saccade latency between search conditions over a wide range of search difficulty levels. Furthermore, the differences between the findings of these two studies are not methodological because a signal detection analysis of the feature search data presented here shows that the time of target discrimination in the FEF does indeed predict the average saccade latency during performance of a search task (Thompson et al., 1998) .
One implication of the exponential improvement over time in neural reliability is that the accuracy of target detection should improve with a similar time course. This prediction is supported by experiments that have measured the time course of feature and conjunction search by varying stimulus duration (Nakayama and Mackeben, 1989) , by requiring subjects to respond prematurely (McElree and Carrasco, 1999) , or by making a pop-out search difficult by adding distractors to the displays after a variable delay (Olds et al., 2000) . These studies found that target detection probability improved with time from stimulus presentation with a time course similar to the one derived from neural data in our study. A similar time course has been shown to characterize available perceptual information during a digit-recognition task (Loftus et al., 1992) , with exponential performance curves best fit by an equation of the form that was used in our study.
Concluding remarks
In this study, we presented a simple approach to examine neural reliability in signaling a decision. We applied this approach to neural activity in the FEF during visuomotor decisions, which proved to be extremely robust in predicting both accuracy and
